BACKGROUND-Since the introduction of effective vaccines, the incidence of invasive Haemophilus influenzae type b (Hib) disease among children <5 years of age has decreased by 99% in the United States. In response to a limited vaccine supply that began in 2007, Hib booster doses were deferred for 18 months.
In the United States, Haemophilus influenzae type b (Hib) was once the leading cause of bacterial meningitis and a common cause of other invasive diseases (eg, epiglottitis, pneumonia, and bacteremia) among children aged <5 years. 1 With the introduction of the Hib vaccines between 1985 and 1990, the incidence of invasive Hib disease in children aged <5 years decreased by 99%. [2] [3] [4] [5] [6] In December 2007, 1 manufacturer of 2 Hib conjugate vaccines voluntarily recalled certain lots because of questions concerning the sterility of equipment used during their manufacture. 7 Production of both vaccines was suspended, temporarily limiting Hib vaccine supply in the United States. 7 To ensure that all US children were able to complete the primary Hib vaccination series, * on December 18, 2007, the Centers for Disease Control and Prevention (CDC) recommended deferral of the Hib vaccine booster dose (administered at 12-15 months of age) for all children except those at increased risk for invasive Hib disease, including American Indian/Alaskan native children and children with certain immunosuppressive conditions. 7 In July 2009, production of 2 Hib vaccines was increased by another manufacturer to address the limited vaccine supply; as a result, on July 26, 2009 , administration of the Hib booster dose was reinstated for all children at their next medical visit. 8 In August 2009, a new Hib vaccine was licensed for use as a booster dose. 9 Subsequently, providers were recommended to contact all children with deferred Hib booster doses and offer catch-up vaccination in September 2009. 9 The 2 recalled Hib vaccines returned to the market between January and August 2010. 10, 11 The prolonged Hib deferral raised concerns about possible increases in Hib transmission and disease in the United States. This article provides a review of surveillance and vaccination status data for H. influenzae, including Hib, in children aged <5 years during the 10 years before the vaccine shortage and during the 18-month shortage period to determine whether the incidence or epidemiology of Hib disease was affected.
METHODS
We used 2 data sources to document invasive Hib disease in children aged <5 years between January 1, 1998 and December 31, 2009. The first was the National Notifiable Diseases Surveillance System (NNDSS), a passive surveillance system that provides reports of notifiable diseases, including H. influenzae, from 52 jurisdictions (50 states, DC, and New York city); data are electronically transmitted from states to the CDC on a weekly basis. 12, 13 Between November 2008 and December 2009, NNDSS data were supplemented with active follow-up with state health departments. CDC personnel contacted state health departments that reported cases of H. influenzae in children aged <5 years within 1 week of receipt of the case report at the CDC to collect missing/unknown or incomplete data. States without any reported H. influenzae cases also were contacted periodically to confirm reporting of 0 cases. All 52 state health departments were contacted during this period.
The second data source was the Active Bacterial Core surveillance (ABCs) system, an active laboratory-and population-based surveillance system that provides monthly reports of H. influenzae cases from all or parts of 10 states in the United States. 14 ABCs is supported by the CDC as part of its Emerging Infections Program network. 14, 15 The population under surveillance ranged from 26 514 662 in 1998 to 36 748 349 in 2009 (representing 9.8% of the US population in 1998 and 12.0% in 2009). Duplicate records were deleted from NNDSS and ABCs data sets and data were merged by birth date and county and state codes.
In both systems, a case was defined as isolation of H. influenzae from a normally sterile body site (eg, blood or cerebrospinal fluid) in a person aged <5 years. Illness outcome was based on patient status at the time of hospital discharge. Serotyping of H. influenzae was performed by using slide agglutination or polymerase chain reaction. All isolates from ABCs sites were sent to the CDC, where serotype was confirmed by using slide agglutination, Haemophilus quad identification plates or API Neisseria-Haemophilus strips, and polymerase chain reaction. [16] [17] [18] The CDC result was used as the final serotype in the ABCs data set. For NNDSS serotype results confirmed through active calling, the confirmed serotype result was used in the merged data set; if the serotype result was missing or unknown, the ABCs serotype was used. For all other cases that were in both the NNDSS and ABCs data sets and had discordant serotype results, the serotype result from the ABCs data set was used in the merged data set. In this analysis, H. influenzae isolates were classified based on their serotype: serotype b (Hib), nontypeable (non-encapsulated), and non-b (serotypes a, c, d, e, and f).
Calculations of Hib incidence using data from the NNDSS are affected by unknown serotype data. Serotype data may be unknown if serotyping is not conducted, or data may be missing or misclassified during transmission from states to the CDC. Hib cases may be misreported as an unknown serotype, underestimating the true burden of disease. The proportion of Hib cases from among all H. influenzae cases in ABCs data was used to estimate the annual number of Hib cases misclassified as unknown serotype for the time period 2001 to 2009; these years were chosen because the number of reported Hib cases remained relatively stable at <50 cases per year. We multiplied the proportion of Hib cases from pooled ABCs data for 2001 to 2009 by the total number of cases with unknown serotype each year to calculate the annual estimated number of Hib cases misreported as unknown serotype. Owing to small case numbers, we were unable to calculate estimates using ABCs data by age group or individual year.
Data were analyzed by using SAS version 9. Incidence rates were calculated by using US census data. 19 Incidence rates are reported as cases per 100 000 population. Two-sided P values using Fisher's exact test were calculated for differences in disease rates, vaccine status, and percent of jurisdictions with unknown serotype data between preshortage and shortage years. Confidence intervals around the rate differences were calculated by using methods described by Miettinen and Nurminen. 20 A McNemar test for matched pairs was used for differences in number of cases with known serotype in 2009. The case-fatality ratio was calculated by using the proportion of cases with known outcomes as the denominator. Because vaccine data before 2002 in the merged NNDSS/ABCs data set were not complete, vaccination status of Hib cases during preshortage years was calculated only for 2002 to 2007.
RESULTS

H. influenzae Cases
In the preshortage period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (Fig 1) .
In the serotype discrepancy analysis for 2002 to 2009, 3143 H. influenzae cases were reported. Of these, 2602 cases (83%) were identified by NNDSS alone, 34 (1%) by ABCs alone, and 507 (16%) by both surveillance systems. Among these 507 cases, 157 (31%) had discrepant serotype results. Of these, 125 (80%) and 8 (5%) had an unknown serotype in NNDSS and ABCs, respectively. Four cases reported as Hib in NNDSS were reported as NT (n = 3) or unknown (n = 1) in ABCs; 8 cases reported as Hib in ABCs were reported as nonb (n = 2) or unknown (n = 6) in NNDSS.
At least 1 case of H. influenzae in children aged <5 years was reported in a mean of 43 jurisdictions per year in the preshortage period, in 46 jurisdictions during 2008, and in 45 jurisdictions in 2009. On average, 36% of jurisdictions had unknown serotype data for ≥50% of cases <5 years of age in the preshortage period. In 2008, 13 (29%) had unknown serotype data for ≥50% of cases. During 2009, when active calling of state health departments to solicit unknown serotype data occurred, 9 (20%) had unknown serotype data for ≥50% of reported cases. These differences were not statistically significant (P = .419). In 2009, serotype data were missing or unknown for 191 of 407 H. influenzae cases (47%) in children aged <5 years reported through NNDSS. Serotype results were identified for 124 of these cases (65%) through active calling. After active calling, the number of H. influenzae cases <5 years of age with a known serotype increased significantly from 216 (53%) to 340 (84%) (P < .001).
Hib Cases
In the preshortage and shortage periods, the incidence of Hib disease was highest among infants aged <1 year and lowest among children aged 2 to 4 years ( Table 1 ). The incidence of Hib disease was highest among American Indian/Alaskan native children ( Table 1 ). The case-fatality rate was higher during the shortage period as compared with the preshortage period (14% and 5%, respectively; P = .05). All deaths in the preshortage period occurred among children aged <1 year. During the shortage period, 4 deaths occurred among children aged <1 year, 2 deaths among children aged 1 year, and 4 deaths among children aged 2 to 4 years. There was no statistically significant difference in incidence rates of Hib disease by age groups, gender, or race between the preshortage and shortage periods (Table 1) .
By using a multiplier of 5.8%, we estimated that the average annual number of Hib cases misclassified as unknown serotype ranged from 6 (Fig 1) . Estimated incidence rates between 2001 and 2009 ranged from 0.11 to 0.26, in comparison with reported incidence rates, which ranged from 0.07 to 0.22.
Vaccination Status Among Hib Cases
From 2002 to 2007, 169 cases of Hib occurred in children aged <5 years. Among these cases, 34 (20%) had unknown vaccination status. Of the 135 cases with known vaccine status, most were either eligible but unvaccinated (had not received any doses of Hib vaccine) or were too young (aged <2 months) to have received any Hib vaccine doses. In 18 cases (13%), children were behind schedule because of an incomplete primary series or a missing booster dose (Fig 2) . Among Hib cases in children aged ≥2 months, 71 (65%) were behind schedule or unvaccinated.
From 2008 to 2009, 78 cases of Hib occurred in children aged <5 years. Among these cases, 10 (13%) had unknown vaccine status. Of the 68 cases with known vaccine status, most were unvaccinated or were too young to have received any Hib vaccine doses. Ten cases (15%) were behind schedule owing to an incomplete primary series or a missing booster dose (Fig 2) . Among Hib cases in children aged ≥2 months (eligible for Hib vaccine), 38 (72%) were behind schedule or unvaccinated. Based on their age (12-59 months), 32 children should have had their booster dose deferred. Of these, 6 (19%) had an unknown vaccine status, 6 (19%) were age-appropriately vaccinated, and 12 (38%) were unvaccinated. Eight (25%) had completed the primary series but were missing the booster dose; based on age at onset of disease, 4 of these cases could have received a booster dose before the shortage, and 4 would have been deferred a booster dose (Fig 2) . There was no statistical difference between the vaccine status of Hib cases between the preshortage and shortage periods.
During the shortage period, the median Hib incidence rate among all jurisdictions was 0.12 (range, 0-1.79); 5 states had an incidence rate ≥0.85. Minnesota was the only state that experienced an increase in Hib cases in children who were <5 years of age during the shortage, 21 with an incidence rate of 0.83. Excluding the 6 Minnesota cases from the 2008-2009 national data did not significantly change the national incidence rates or case-fatality rates of Hib disease, vaccine status of Hib cases, or estimates of Hib cases misclassified as unknown serotype.
DISCUSSION
Based on our review of national Hib reporting, the Hib vaccine shortage did not significantly alter the national incidence or epidemiology of invasive Hib disease in children aged <5 years. Rates of Hib disease overall and by age group, gender, and race did not differ during the vaccine shortage as compared with the 10 years before the shortage, and there was no significant difference in vaccination status among Hib cases before or during the shortage. The case-fatality rate was higher during the shortage period; however, the difference is not explained by a change in disease incidence or vaccination status among cases. If the deferral resulted in a decreased "cushion of protection" from herd immunity, we might have expected increased mortality in children <1 year old, the highest-risk age group; instead, most deaths during the shortage occurred in children aged ≥1 year. In addition, the casefatality rate (CFR) among reported Hib cases after the shortage (CDC 2010 data) was 13%, which is comparable with the CFR during the shortage.
Few data exist on the impact of prolonged Hib vaccine shortages on rates of Hib disease. Experience from the United Kingdom suggests that rates of invasive Hib disease increase after prolonged periods without booster doses. Seven years after the introduction of a 3-dose primary Hib series without a booster dose, rates of Hib disease increased in vaccinated children in the United Kingdom. A sustained and dramatic decrease in Hib disease occurred after a booster dose was recommended. 22, 23 A mathematical model of Hib disease in the United States during a vaccine shortage predicts Hib incidence would not change significantly with temporary shortages, but it would likely begin increasing 3 years after the start of a shortage. 24 Our findings are consistent with this model. High vaccination coverage (93%) † 25 at the beginning of the shortage 26 likely provided a cushion of protection against rapid increases in Hib disease. Hib vaccination leads to decreases in oropharyngeal colonization among both vaccinated and unvaccinated children, [27] [28] [29] reducing the risk of disease transmission. Although some states had declines in coverage with the Hib vaccine primary series during the shortage, the cohort of unprotected children remained small. 30 Although the number of Hib cases increased above baseline in Minnesota during the booster deferral, a subsequent carriage study among 1631 children aged <5 years found no Hib carriage, 31 suggesting no increase in disease transmission. These data suggest that the increase in Hib cases was likely not a direct result of the vaccine shortage.
The vaccination status of Hib cases from 1998 to 2009 highlights the continued risk of invasive disease among unvaccinated and under vaccinated children. Before and during the vaccine shortage, more than half of Hib cases in children aged ≥2 months (eligible for Hib vaccine) were either in unvaccinated children or in those behind schedule. Hib vaccine efficacy is high, ranging from 93% to 100% after the 3-dose primary series, [32] [33] [34] [35] and invasive Hib disease after full vaccination with the primary series and booster dose (vaccine failure) is rare. [35] [36] [37] Between 1996 and 2001, vaccine failure surveillance in Israel, † Hib vaccine coverage measurements before 2009 measured 3 or more doses of a Hib-containing vaccine, not taking into account the type of vaccine received. These measurements likely underestimated primary series coverage and overestimated primary series plus booster coverage. 25 Australia, and 10 countries in Europe identified 330 cases of invasive Hib disease in children who had completed a 3-dose primary series and only 34 cases in children who had received a 3-dose primary series and a booster dose, 37 illustrating the importance of full vaccination in preventing Hib disease.
Although rare, Hib disease still occurs despite high vaccination coverage and low carriage prevalence in children, suggesting continued circulation and transmission of Hib, 31 albeit at very low levels. Reaching the 2010 Healthy People Objective of 0 cases of Hib disease in children aged <5 years may not be realistic. 38 Instead, efforts should focus on maintaining current low rates of Hib disease through high vaccination coverage and appropriate chemoprophylaxis for contacts of cases. This focus is reflected in the 2020 Healthy People Objectives, which has set an Hib incidence rate of 0.27 cases per 100 000 children aged <5 years as the new goal. 39 Continued H. influenzae surveillance is important so that Hib cases are identified and appropriate chemoprophylaxis measures can be taken. Incomplete serotype data at the national level hamper surveillance efforts, however. Serotype data were missing for 47% of H. influenzae cases <5 years of age reported by NNDSS in 2009; after active calling of health departments to solicit missing information, 84% of cases had known serotype results. Data transmission difficulties likely explain a substantial proportion of the missing serotype data at the national level; however, active calling of health departments by the CDC to solicit data on an ongoing basis is not a practical solution. Electronic surveillance systems should be assessed and modified to improve data transmission. Health departments should continue to focus on ensuring that all isolates from cases of invasive H. influenzae disease, especially those in children <5 years of age, are serotyped by using slide agglutination or genotyped by using polymerase chain reaction. 40 Our estimates of Hib cases missed because of incomplete serotype information suggest we are likely underestimating the true burden of Hib disease, but not to a large degree, because the annual number of Hib cases, including the estimated number of cases missed, has remained <53 since 2001.
CONCLUSIONS
These findings provide evidence that the incidence and epidemiology of invasive Hib disease in children aged <5 years was not significantly impacted by the vaccine shortage, and a booster dose deferral is a reasonable approach to Hib vaccine shortages in the shortterm. Prolonged shortages, however, may have a larger impact on Hib disease and require alternative strategies. c Case-fatality ratio, among cases with known outcome.
